Human population growth in coastal south-eastern Australia is increasing development and recreation 8 pressures on beaches and shorebirds. This study observed human recreation on 18 beaches on the far north 9
down shore to the water). Focal persons/groups were observed discreetly from some distance to avoid 1 0 5 disturbing them and thereby potentially affecting their behaviour. Binoculars were used as a visual aid 1 0 6 and, on longer beaches, a bicycle was used (at low tide) to quickly move between observation points. 1 0 7
Potential predictor variables recorded together with each focal person/group observation were: day, time 1 0 8 the person/group entered the beach (Australian Eastern Standard Time, i.e. without daylight saving), 1 0 9 number of adults in the group, number of children in the group, dominant gender of adults in the group 1 1 0 (male, female or balanced), number of accompanying dogs, activity of the person/group, count of other 1 1 1 people within 500 m of the access (excluding the observer), presence/absence of lifeguards on the beach, 1 1 2 nearest tide (high or low), a visual estimate of percent cloud cover, wind speed in five categories (calm, 1 1 3 very light, light, moderate, strong) and wind direction (eight cardinal points: N, NE, E, SE etc). Daily 9 1 1 4 am temperature (°C) and rainfall (mm) observations from the nearest Australian Bureau of Meteorology 1 1 5 weather station (http://www.bom.gov.au/climate/data/index.shtml) were later added to the data table. 1 1 6
Other variables recorded were access type (pedestrian, vehicle, combined) and distance to parking (m) for 1 1 7 each access point and beach length (km) for each site. 1 1 8
Group composition variables (adults, children, gender, etc.) were recorded because they may affect the 1 1 9 motivation or capability for walking long distances. Counts of people on the beach were recorded because 1 2 0 new arrivals may have to walk some distance to find their own space. Similarly, the presence/absence of 1 2 1 lifeguards was recorded because people may have to walk some distance to swim in the patrolled zone. 1 2 2
Tide was recorded because the hard intertidal zone sand at low tide can facilitate walking longer distances. 1 2 3
Weather variables were recorded because uncomfortable conditions can deter walking long distances. 1 2 4
Time of day was recorded because it is related to weather conditions and because some persons would 1 2 5 have been walking early before work with limited time. Week day was recorded because some persons 1 2 6 may have spent more time on beach recreation on weekends. Distance to parking was recorded because it 1 2 7 could affect the motivation or capability for additional walking along the beach. Access type was 1 2 8 disregarded because there was little variation for this variable (96% pedestrian access points). 1 2 9
All 10 activities recorded are described in Table 3 . Only activities that involved walking onto and along 1 3 0 the beach were recorded. Joggers, runners, cyclists and horse riders were not included in this study 1 3 1 because, even though they tend to cover longer distances than walkers, those activities were generally 1 3 2 uncommon. Four-wheel drives (4WDs) were not part of this study and beach driving was permitted on 1 3 3 only seven of the 18 study beaches. 1 3 4
Statistical analysis 1 3 5
Conditional inference regression trees (Hothorn et al. 2006 ) were used to discover relationships between 1 3 6 distance walked and predictor variables and build predictive models. Regression trees are a machine 1 3 7 learning method that explains variation in a single variable by repeatedly splitting the data into 1 3 8 homogenous groups using combinations of predictor variables (De'ath and Fabricius 2000) . Conditional 1 3 9 inference trees utilize statistical tests to avoid variable selection bias and overfitting in conventional tree 1 4 0 methods. 1 4 1
Evaluation of machine learning models concerns the ability of models to predict new or withheld data 1 4 2 rather than goodness of fit for a single model fitted to the all of the data. A "useful" model is one that can 1 4 3 make acceptably accurate predictions for new data. Accuracy (square Root Mean Squared Error; RMSE) 1 4 4 of distance walked predictions was evaluated using five-fold cross-validation with ten repeats. Relative 1 4 5 performance of regression tree models was compared to a mean distance walked null model and is adjusted P-values for conditional inference trees were computed using Monte Carlo permutation tests 1 5 1 (with 9999 resamples), the minimum number of observations in a terminal node ('leaf') was set to 10 (5% 1 5 2 of the sample size n = 200) and the minimum sum of numbers of observations in a node in order to be 1 5 3 considered for splitting was set to 30 (3 × 10). Observations were nearly equally distributed between weekdays (51%) and weekends (49%) and high 1 5 6 (43%) and low tides (57%). Adults were present in 98% of observations and the mean group size was 1.4 1 5 7
adults. There were no school holidays during the survey period. The dataset was nearly uniformly 1 5 8 distributed among majority female (32%), male (38%) and balanced gender (30%) groups. Surveys 1 5 9 occurred during a dry period (mean rainfall 2 mm on sampling days). Mean 9am temperature was 25°C, 1 6 0 mean cloud cover was 30% and wind speed was most frequently light. 1 6 1
The most frequent activities observed were walking (29%), dog walking (21%) and swimming (16%). The walked were similar for walkers with or without dogs at 748 m (n = 41; 95% CI = 605-892 m) and 851 m 1 6 7 (n = 58; 95% CI = 667-1035 m) respectively. This comparison indicates that a dog's master controls the 1 6 8 distance walked. For both walking activities combined, the mean distance was 809 m (n = 99; 95% CI = 1 6 9 687-930 m) and the 95th percentile distance was 1990 m. 1 7 0
A conditional inference regression tree model with minimum criterion 0.95 (1 -P-value) indicated that 1 7 1 longer distances were associated with walking activities (P < 0.001) and low wind speed (calm or very 1 7 2 light winds; P = 0.048) ( Figure 4 ). For other activities, distances walked were longer in the middle of the 1 7 3
week (Wednesday and Thursday; P = 0.02) however there were only 17 observations in that node and this 1 7 4 result is not expected to appear in replicate studies. Decreasing the minimum criterion to 0.90 resulted in 1 7 5 an additional node which indicated that longer distances were further associated with early mornings 1 7 6 (before 06:45 h AET; P = 0.062). 1 7 7
Regression trees with minimum criterion 0.95 resulted in a 38% reduction in cross-validated deviance 1 7 8 relative to the mean distance walked null model, however the large 443 m residual RMSE indicates large 1 7 9 variability in distances walked. Decreasing the minimum criterion to 0.90 did not improve predictive 1 8 0
Beach recreation surveys are easy and deliver practical data for management of human recreation. This 1 8 3 study sampled a variety of sites and beaches and, while not a probability sample, the results are expected 1 8 4
to be representative of beaches in northern NSW. It would be difficult to argue that markedly different 1 8 5 results would be obtained from another and perhaps "more representative" sample (e.g. simple random 1 8 6 sampling). Ultimately, other researchers are encouraged to conduct their own surveys of beach recreation, 1 8 7 report those results transparently and let the end users make their own assessments of the quality of such 1 8 8 studies. 1 8 9
Walking, with or without dogs, was the most frequent beach recreation activity in this study. Walking has 1 9 0 also been reported to be the most frequent activity for other beaches and coastal wetlands in south-eastern 1 9 1
Australia (e.g. Dowling and Weston 1999 , Antos et al. 2007 , Glover et al. 2011 ) although driving can take 1 9 2 over on beaches where 4WDs are permitted (Schlacher et al. 2013) . Beach driving was not part of this 1 9 3 survey although 4WDs can be a serious vector for human recreation disturbance because they enable 1 9 4 people to access more remote sections of a beach that could otherwise be refuges for wildlife. 1 9 5
The mean distance that beach users walked in this study was 444 m, which is one order of magnitude 1 9 6 greater than mean flight initiation distances for Australian pied oystercatchers in preceding studies ( Table  1 9 7 1). Knowing that that pro-environmental behaviour is uncommon for beach users, this result supports the 1 9 8
proposal for large separation distances between beach access points and shorebird habitat zones to reduce 1 9 9 disturbance to shorebirds (see Introduction). 2 0 0
Selecting an appropriate separation distance depends on visitation rates to the beach. For the simplest case 2 0 1 of one shorebird zone and one access point, the intrusion rate (R) is:
where V is the mean visitation rate and p(d) is the proportion of beach users walking as far as distance d, 2 0 3 which is the distance from the access point to the shorebird zone. This formula can be easily extended to 2 0 4 account for multiple access points.
Given a maximum tolerable intrusion rate and a visitation rate, the separation distance is estimated from 2 0 6 the distribution of distances:
This equation explains that, for some fixed intrusion rate R, the separation distance (d) should be increased 2 0 8 as the visitation rate V increases. Anticipating future growth in human populations and beach recreation, it 2 0 9
should be appropriate to simply adopt the 95th percentile distance under the assumption that patterns of 2 1 0 beach recreation and distances walked hold into the future. This result is very simple in comparison to the 2 1 1 many conditions for FID results (Hill et al. 1997 ). However, as daily visitation rates increase to hundreds 2 1 2 of people or more, the maximum tolerable intrusion rate will eventually be exceeded and other 2 1 3 management actions that attempt to promote coexistence between humans and beach nesting birds could 2 1 4 be investigated (e.g. Lafferty et al. 2006 , Weston et al. 2012 , also see the review by Pienkowski 1993). 2 1 5
The spatial zoning and passive human exclusion strategy for managing disturbance proposed in this study 2 1 6 is more applicable to long and less-developed beaches. Such beaches are also where larger numbers of 2 1 7 beach nesting birds can be found (e.g. the Australian Pied Oystercatcher Key Management Sites that were 2 1 8 noted in the Introduction). 2 1 9
The 95th percentile distance in this study was 1683 m. This result includes dog walkers although Birdlife 2 2 0
Australia have recommend that dogs be totally banned from beaches with shorebird habitat 2 2 1 (http://www.birdlife.org.au/media/call-for-dog-free-beaches/). A 1683 m separation distance seems 2 2 2 extremely large but is consistent with the ecology of beach nesting shorebirds and is supported by 2 2 3 anecdotal evidence. Opponents to this management action could argue that the population impacts of human recreation 2 4 0 disturbance at individual sites are unproven (Davidson & Rothwell 1993 , Hill et al. 1997 , Gill et al. 2001 . for example, means that breeding pairs are unlikely to relocate to any alternative sites, which anyhow 2 4 4 could also have high levels of disturbance. Beaches widths are similar to flight initiation distances ( Table  2 4 5 1) and shorebirds can find it difficult to maintain a "safe" distance from people in such narrow habitats 2 4 6 (Pienkowski 1993, Harrison 2009). Beach nesting bird populations are typically concentrated at a number 2 4 7
of Key Management Sites and local changes in breeding populations at those sites are population impacts. 2 4 8
Finally, the NSW Local Government Act 1993 (NSW Government 1993) can provide some support for 2 4 9 protection of beach nesting bird habitat. Section 8A of the Act requires that the precautionary principle, as 2 5 0 one of the principles of "ecologically sustainable development", is considered in decision-making: 2 5 1 (a) the precautionary principle-namely, that if there are threats of serious or irreversible 2 5 2 environmental damage, lack of full scientific certainty should not be used as a reason for 2 5 3 postponing measures to prevent environmental degradation. 2 5 4 Walking along the beach, usually direct and close to the shoreline. Walkers walk for some distance and then turn back or exit the beach. Dog walking (WD) Walking along the beach accompanied by one or more dogs, on or off leash. Swimming (SW) Self-explanatory. Does not include wading.
Surfing (SF)
Mostly on surfboards. Picnic (PC) Picnics generally involved multiple persons and a variety of activities. Features of this activity can include beach shelters, food and drink, recreational equipment and the group stays in one location for an extended period. Sunbathing (SB) Self-explanatory. Looking (LK)
Viewing the beach or ocean, checking the beach, fishing or surf conditions and often where there is seating on the beachfront. Fishing (FI)
Recreational line fishing. Playing (PL) Young children playing in the sand. Unlike picnickers, these groups don't bring so much equipment, don't stay long and adults present are supervising and not engaged in other recreation. Photography (PH) Recreational photography. where beach recreation was studied (see Table 2 for details of beaches and sites). The background image shows cities. The inset map shows the location of the study region within Australia.
